Iron movement between organ pools involves a dynamic equilibrium of iron efflux and uptake, and homeostatic mechanisms are likely involved in providing iron to cells and organs when required. Daily iron levels in the plasma pool fluctuate with the diurnal cycle, but clear explanations regarding the objectives and regulation of the flux are lacking. The association between diurnal cycle and iron flux is relevant in the disease of Restless Legs Syndrome (RLS), where individuals display diurnal deficits in motor control, have impaired brain iron metabolism, and perhaps altered iron uptake from the plasma pool. The goal of the current study was to examine diurnal variations in peripheral and regional brain iron to evaluate iron flux between organs in iron sufficient and iron deficient mice. In mice fed control diet, liver iron was elevated 30-40% and plasma iron was reduced 20-30% in the active dark period compared to the inactive light phase. Dietary iron deficiency eliminated this variation in liver iron in male and female mice and in plasma iron in male mice. Reductions in ventral midbrain and nucleus accumbens iron and ferritin were apparent in iron deficient mice during both diurnal phases, but only during the light phase was an ~25% reduction in whole brain iron observed, suggesting different brain iron requirements between phases. These data demonstrate that iron flux between organs is sensitive to diurnal regulatory biology. Importantly, variations in brain iron may have temporal implications regarding neural functioning and may contribute to the diurnal cycle-dependent symptoms of RLS.
Introduction
Proper iron regulation is important for many peripheral and central biological processes including electron transfer, cell growth and oxygen transport, and thus, iron movement is tightly regulated (4) . Daily iron levels in the blood are not static and are known to fluctuate with the diurnal cycle. The low point in serum iron occurs during the typically inactive evening hours, while the high point in serum iron occurs at midday (55, 61). Total iron binding capacity (TIBC) has also been shown to vary with the light cycle (10) . It has been hypothesized that the variations in serum iron and TIBC occur as a result of fluctuating iron release from reticuloendothelial cells. The newly described regulator of iron absorption and release from macrophages, hepcidin, may also be implicated (45) . This hormone becomes associated with the cellular iron exporter, ferroportin, and determines the extent of iron flux out of cells (3) . The rationale for variations in plasma iron relative to fluctuations in tissue needs for iron is interesting but not elucidated by current theories of iron requirements.
The association between diurnal cycle and iron flux is relevant in the disease of Restless Legs Syndrome (RLS), which has been diagnosed in 3-24% of American and European populations (7, 46, 47) . Several studies have shown relationships between RLS and peripheral and brain iron metabolism. Individuals diagnosed with RLS display diurnal-based deficiencies in motor control, where the severity of symptoms increases in the evening hours at a time when serum iron is at its lowest (20, 55). It is tempting to speculate that low serum iron is associated with decreased iron uptake by the brain, but blood brain barrier uptake of iron is not strictly dependent on plasma iron content or transferrin saturation (5, 39) . Nighttime levels of ferritin are also lower in cerebrospinal (CSF) of RLS patients with early onset symptoms but are not necessarily related to lower serum ferritin concentrations, thus adding a further suggestion that diurnal variations in brain iron and systemic iron are not completely related events (2) . In the brain, MRI and ultrasound imaging and autopsy studies have all indicated that RLS patients have lower substantia nigra iron, but changes in brain iron with respect to diurnal cycle have not been demonstrated (1, 14, 24, 30, 56) . Serum ferritin concentrations (48, 59) and substantia nigra Hferritin levels (14) are lower as well in RLS furthering the association between iron deficits and this disease.
Several studies from this laboratory have shown that regional brain iron levels are reduced by dietary iron deficiency in rats (9, 25, 26, 43, 51) . Gene and protein expression of ferritin, transferrin and transferrin receptor (TfR) are related to these changes in brain iron, but all of these proteins were measured during the early part of the light/rest cycle (31, 32) .
Decreased ventral midbrain (VMB) and striatal iron levels are also correlated with altered dopamine neurotransmission and behavioral deficits. Diurnal cycles influence many outcomes including brain neurotransmitter synthesis and metabolism (13, 57, 58) and behavior (i.e. feeding, locomotion, startle response), but to date, there are no data indicating that brain iron varies over the diurnal cycle or that variations in brain iron are related to these behaviors. Thus, an understanding of diurnal fluctuations in brain iron may provide some clues as to the diurnal based behaviors in RLS patients.
Mice from the BXD recombinant inbred (RI) strains have been used for the study of many complex behavioral and physiological phenotypes. Previously, a sub-set of 15 BXD strains was shown to differ in regards to regional brain iron and liver iron content (36) . Liver iron as well as VMB (substantia nigra and ventral tegmental area), caudate, nucleus accumbens and prefrontal cortex iron were continuously distributed among these strains. Liver iron did not correlate with VMB iron suggesting that iron regulation peripherally is independent of VMB iron content. Peripheral iron measurements including hemoglobin, hematocrit, plasma iron and spleen iron also vary among the BXD strains (34, 35) . All of these measurements have been collected at specific time points, and not considered within the context of the diurnal cycle. In addition, these studies in mice did not consider the impact of dietary iron deficiency on the expression of iron proteins. Given the link between RLS, diurnal cycles, and brain iron deficiency, we believe it is important to understand the dynamic movement of iron between organs in the light and dark phases of the light cycle. In this study, Strain 40 of the BXD recombinant inbred (RI) strains was used to explore diurnal variations in peripheral and regional brain iron to examine the influence of diurnal cycle on iron movement in the iron sufficient and iron deficient states.
Methods

Ethical approval
All experimental protocols were conducted in accordance with The National Institutes of Health Animal Care guidelines and were approved by the Penn State Institutional Animal Care and Use Committee.
Animals, treatment and housing
Breeding pairs of strain 40 of the BXD recombinant inbred panel were purchased from Jackson Laboratories (Bar Harbor, MA) and housed in an isolated environment under the supervision of Dr. Byron Jones. This strain of mouse was chosen based on a previous analysis where 30 strains of the BXD/Ty RI panel including the C57Bl/6 and DBA parental strains were analyzed for VMB iron content (unpublished data). Strain 40 mice showed mid-range VMB iron levels among the strains studied. At 21 days after birth, mice were weaned and separated by sex (2-3/cage).
Cages were randomly divided into 2 dietary groups, control (50 µg/g iron) and iron deficient (ID, 3 µg/g iron). All attempts were made to have an equal number of Control and ID mice from each litter. Control and ID diets were prepared in our laboratory following the recipe of the American Institute of Nutrition (AIN)-93G diet with cornstarch as the sole source of carbohydrate (50, 53) .
The ID diet contained all components of the control diet with the exception of ferric citrate, and iron levels were verified using atomic absorption spectrophotometry after wet digestion with nitric acid. All rats received food and deionized distilled water ad libitum in a temperature (23 ± 2°C) and humidity (40%) controlled room maintained on a 12:12 hr light/dark cycle (lights on 6:00 am to 6:00 pm). All experimental protocols were conducted in accordance with The National Institutes of Health Animal Care guidelines and were approved by the Penn State Institutional Animal Care and Use Committee.
Hematology and liver and spleen iron
At 120 ± 5 days of age, mice were euthanized by CO 2 suffocation either 3-4 hr into the lights-on phase (9:00-10:00 AM) or 2-3 hr into the lights-off phase (8:00-9:00 PM)(n=12-15 mice / diet / sex / light cycle). These periods correspond to peak periods of inactivity and activity, respectively (33) . Whole blood was collected by cardiac puncture, centrifuged (16,110 x g, 4°C, 15 min) and the sera frozen at -80°C. Serum iron and TIBC were determined as previously described (25, 50). Transferrin saturation was calculated as serum iron/TIBC × 100. Hemoglobin values were determined photometrically using cyanmethemoglobin standard solution (Sigma Aldrich, St Louis, MO), and hematocrit was calculated after 5 min of centrifugation of blood samples in heparinized microcapillary tubes at 13,700 x g. Liver and spleen non-heme iron were measured using the technique described by Cook (17) .
Brain dissection and homogenate preparation
The brain was removed from the skull and quickly dissected on ice for frontal cortex, striatum, nucleus accumbens, VMB, pons and cerebellum via protocols previously utilized in this laboratory (36, 62) . The regions were placed immediately in storage tubes, weighed and frozen at -80°C. All brain tissue remaining after dissection was collected into a storage tube, weighed, and also frozen at -80°C. For iron and ELISA analysis, brain regions were thawed on ice and homogenized 1:10 in phosphate buffered saline (PBS, 9.1 mM Na 2 HPO 4 , 1.7 mM NaH 2 PO 4 , 150 mM NaCl, pH 7.4) containing protease inhibitors (Roche, Indianapolis, IN).
Brain iron analysis
Brain region aliquots (n=7-10/group) were wet digested by published and standard procedures and analyzed for iron concentration by atomic absorption spectrophotometry (Perkin Elmer AAnalyst 600, Perkin Elmer, Norwalk, CT)(51). Standards were prepared by diluting a Perkin Elmer iron standard (PE#N9300126) in 0.2% ultra-pure nitric acid, and blanks prepared with digesting and diluting reagents to control for possible contamination. All standard curves exceeded r > 0.99.
ELISA analysis
Brain ferritin and TfR and liver ferritin protein levels were determined from tissue homogenates using an enzyme linked immunosorbent assay (n=7-10/group), based on a method developed by Dr. Nan Li (32, 51) . Briefly, the analysis was performed on 1 mg of protein homogenate from each region in triplicate. The polyclonal ferritin and TfR primary antibodies were used at a dilution of 1:2000 (produced at the Pennsylvania State University). For both assays, an antirabbit IgG (Sigma-Aldrich, St. Louis, MO) secondary antibody was used at 1:4000. Optical density was measured on a microplate reader (Model EL340, BioTek Instruments Inc., Winooski, VT) at 405 and 570 nm.
Statistics
Group values are expressed as means ± standard error of the mean (SEM). All data were analyzed by three-way analysis of variance (ANOVA) with treatment, strain and sex as between subjects variables using SYSTAT 10.2 (SYSTAT Software Inc., Richmond, CA). Post-hoc analyses were performed using the Tukey pairwise multiple comparison test. Differences were considered statistically significant at p<0.05.
Results
Body weight, hematology, and liver and spleen iron
Overall, a low iron diet significantly altered body weight (F=15.4, p<0.001), with a different effect in males versus females. Body weight was reduced in ID male (p<0.05), but not female mice regardless of time of day when the mice were euthanized (Table 1) . Hematocrit and hemoglobin levels were significantly lower in mice fed an ID diet (F=309.3, p<0.001; F=555.6, p<0.001, respectively), but these decrements in red cell indices were greater in male mice than female mice (F=6.1, p<0.05; F=5.3, p<0.05). Compared to control mice, ID males showed 49-57% and 60-70% reductions in hematocrit and hemoglobin levels, respectively (p<0.05 for both), while hematocrit was reduced by ~40% and hemoglobin was reduced by 52-57% in their ID female littermates (p<0.05 for both, Table 1 ). Body weight and hematocrit and hemoglobin levels did not vary with respect to the time of day that the samples were collected (F<1 for all).
ID male and female mice also showed lower plasma iron levels than their respective control mice ((F=131.0, p<0.001), Figure 1A ). Light phase influenced plasma iron levels (F=9.1, p<0.01). Mice fed control diet had plasma iron levels that were lower during the dark (active) phase compared to the light (inactive) phase (p<0.05). ID female mice, but not male mice, also showed the same diurnal response in plasma iron (p<0.05) as we observed in control mice. TIBC was increased by iron deficiency (F=52.0, p<0.001) in both sexes compared to respective controls (Table 1) . Light phase also influenced TIBC levels in mice (F=7.1, p<0.01), but only control and ID male mice showed lower TIBC levels in the dark compared to the light phase (p<0.05, Table 1 ). Transferrin saturation, the ratio of plasma iron to TIBC, also differed significantly by dietary treatment (F=245.3, p<0.001; Table 1 ). Iron deficiency resulted in 30-50% decreases in transferrin saturation in all ID groups compared to controls (p<0.05; Table 1 ).
The effect of light phase on transferrin saturation was different between male and female mice (F=7.44, p<0.01). Control and ID female mice showed lower levels of transferrin saturation, while male ID mice had an increase in transferrin saturation in the dark phase compared to the light phase (p<0.05).
Dietary iron deficiency significantly lowered both liver and spleen iron in all groups of BXD strain 40 mice (F=167.5 p<0.001; F=289.8, p<0.001, respectively). Liver iron was also influenced by light phase (F=32.4, p<0.001) as liver iron was 43% and 28% higher in control diet fed male and female mice, respectively, in the dark phase compared to the light phase (p<0.05; Figure 1B) . ID mice did not show a diurnal variation in liver iron as they had similar levels of liver iron across the light phases ( Figure 1B ). Spleen iron concentration did not vary with phases of the diurnal cycle (F=3.88, p=0.062; Table 1 ). Splenomegaly (enlargement of the spleen) was observed in 61% of the male ID mice and 37% of the female ID mice and did not differ by phase of the diurnal cycle 1 .
The overall diurnal changes in peripheral iron measures in control diet fed mice are shown in Figure 2 . These data indicate that the storage compartments for iron are sensitive to the diurnal cycle and that iron movement through the plasma pool differs between sexes. Dietary iron deficiency completely eliminated the diurnal variation in systemic iron status measurements perhaps suggesting an elimination of the exchangeable pool, or flux, of iron once tissue stores are at low levels.
Brain iron
Regional brain iron content was measured in VMB (substantia nigra and ventral tegmental area), nucleus accumbens, striatum, prefrontal cortex, cerebellum and pons. Iron deficiency resulted in decrements in brain iron in VMB (F=23.2, p< 0.001) and nucleus accumbens (F=6.6, p< 0.01) but not in other brain regions ( Figure 3A ,B). VMB iron was reduced ~35% in males during the light phase, ~25% in females during the light phase, and ~20% in females during the dark phase compared to respective control groups (p<0.05; Figure 3A) . A similar trend in VMB iron was found in males during the dark phase but this effect was not statistically significant. VMB iron content was greater in males than females (F=6.32, p<0.05), but did not change significantly between light cycles (F<1, p=0.75). In nucleus accumbens, strain 40 male mice showed 25-35% reductions in iron during both phases of the diurnal cycle with dietary iron deficiency (p<0.05; Figure 3B After the brains were dissected for VMB, nucleus accumbens, striatum, prefrontal cortex, pons and cerebellum, the remaining brain tissue was collected and iron levels determined ( Figure   4 ). Whole brain iron levels in each animal were attained by summing iron content in each brain region (prefrontal cortex, striatum, nucleus accumbens, VMB, pons, cerebellum) and iron content in the leftover brain tissues. Iron deficiency reduced whole brain iron (F=10.5, p<0.01), but this effect differed with respect to time of day (F=5.2, p<0.05). Only during the light phase of the diurnal cycle did Strain 40 male and female mice show significant decrements in total brain iron (p<0.05, Figure 4 ). During the active part of the diurnal cycle, total brain iron levels did not differ between ID and control treatment groups.
Ferritin protein levels in brain and liver
ELISA was used to measure relative levels of the iron storage protein, ferritin, in liver, VMB and striatum. Liver ferritin was lower in ID compared to control diet groups (F=12.1, p<0.001; Table 3 ). There were no differences in liver ferritin between male and female mice (F=2.0, p=0.17) or between light phases (F<1, p=0.61). The mean ferritin levels in Strain 40 mice fed the control diet were 15.4 ng/mg protein compared to 12.3 ng/mg protein in ID mice (Table 3) . Although male and female control mice displayed greater than 25% increases in liver iron during the active phase relative to the inactive phase of the light cycle, a corresponding increase in ferritin protein was not observed.
Dietary treatment resulted in statistically significant differences in VMB ferritin (F=19.3, p<0.001). VMB ferritin levels were lower in ID female mice relative to controls during the light and dark phases and in ID male mice during the light phase (p<0.05 for all; Table 3 ). In contrast, when iron levels were not reduced by iron deficiency (males during the active phase), there was not a significant decrease in ferritin. Female ID mice showed a greater reduction in ferritin than male ID mice (F=4.0, p<0.05), but VMB ferritin levels did not change with respect to time of day (F=1.8, p=0.20). In striatum (Table 3) , where iron levels were not affected, dietary iron deficiency had no impact on ferritin protein concentrations (F<1, p=0.90). Striatal ferritin levels
were not different between sexes (F=2.1, p=0.15) and did not change with light cycle (F<1, p=0.90).
TfR protein levels in VMB were not different with respect to diet (F=1.2, p=0.28) or sex (F<1, p=0.54), although there were differences between the light and dark periods (F=6.2, p<0.05; Table 3 ). The effect of light period on TfR levels varied by dietary treatment (F=13.5, p<0.001). In mice fed control diet, TfR levels were lower during the dark phase than the light phase (p<0.05), but in ID female mice, TfR levels were higher during the dark phase (Table 3) .
Discussion
This investigation was designed to examine the influence of diurnal cycle on iron distribution in the periphery and the brain in the iron sufficient and ID states. Daily iron levels in the blood are not static and are known to fluctuate with the diurnal cycle, which is likely important for diurnal changes in oxygen transport, cell growth and electron transfer (10, 29) . Our study extends these previous findings by examining diurnal fluctuations in liver, spleen, and regional brain iron in an iron sufficient and an iron deficient recombinant inbred strain of mouse.
The association between diurnal cycle and iron flux is relevant in the disease of Restless Legs Syndrome (RLS). This sensorimotor disorder is characterized by an urge to move the legs at the end of the normal active phase, and can be successfully treated with iron intravenous injection (1, 2, 14, 20) . Females are more susceptible than males to develop early-onset RLS (48), thus we also evaluated diurnal iron distributions in mice with regard to sex.
In the present study, liver iron in male and female mice fed the control diet was elevated 30-40% and plasma iron was reduced 20-30% in the active dark phase compared to the inactive light phase (Figure 2 ). Diurnal fluctuations in hematological measurements including plasma iron and TIBC also have been reported in rabbits and humans and attributed to the release of iron from the reticuloendothelial system (10, 28, 29, 61) . Although, more recent evidence demonstrates that hepcidin, an iron regulatory hormone released from hepatocytes, also regulates iron flux into the blood. During times of inflammation or elevated body iron, hepcidin complexes with the iron exporter ferroportin causing ferroportin to be internalized and degraded, thus preventing release of more iron into the body from both gastrointestinal absorptive cells and macrophages (44, 49, 63) . Importantly, both serum and urine hepcidin concentrations follow a diurnal cycle that is inversely related to serum iron levels (37) . Studies show that interleukin 6, which is secreted in a biphasic manner through regulation by clock genes in the suprachiasmatic nucleus, induces the synthesis of hepcidin via a JAK/STAT pathway (54) . It is possible then, that these changes in liver and plasma iron between lighting conditions in Strain 40 mice may be promoted by changes in hepcidin/ferroportin interactions. The half-life of hepcidin in the plasma pool is certainly consistent with this explanation (54) .
Despite increases in liver iron in control mice during the active phase, significant differences in ferritin protein levels between the dark and the light phases of the diurnal cycle were not detected. There are several possible explanations for these observations. H and L ferritin subunits were not independently measured so isoform specific increases in ferritin may exist. The other option is that the accumulated iron in the liver did not enter into a cytoplasmic pool that is necessary for the stimulation of ferritin production (19). The ferritin antibody we utilized should have easily recognized an elevation in L ferritin with increased cytoplasmic iron.
Determination of ferritin levels with an antibody does not specify the extent of iron loading into the ferritin core; thus it is likely that liver ferritin iron content was elevated during this accumulation of liver iron (19).
Movement of iron between organs is altered by iron deficiency in Strain 40 BXD mice.
Dietary iron deficiency completely eliminated the diurnal variation in liver iron status suggesting that the exchangeable pool of iron is diminished once tissue stores are at a low level. The decrease in liver ferritin levels in the ID mice is reflective of the loss of iron in the storage pool (4). Plasma iron levels in ID female mice were maintained on the diurnal rhythm observed in control mice, although, this change in plasma iron was less than that observed in control mice.
These observations are consistent with an increase in uptake of iron from the plasma to other organs during the active dark phase and a possible decrease in release of iron from iron donating cells and organs.
In ID mice, the brain appears to be a site of uptake since whole brain iron was reduced by ~25% in ID mice during the inactive phase, but was similar to controls during the active phase of the diurnal cycle. This change in brain iron however was not universal since VMB and nucleus accumbens iron levels were lower in most groups of ID mice during both time periods. A heterogeneity in brain iron requirements are implied from differential responses to both dietary iron depletion and repletion (26, 31, 32, 50). The candidate proteins that may modulate this regional heterogeneity of response include ferritin, TfR and transferrin (4), but data are generally lacking regarding gene expression of these proteins across the diurnal cycle. The current study does note that brain ferritin but not TfR protein levels were correlated with changes in brain iron.
The linkage between iron and ferritin in brain, but not in liver, is suggestive of different regulatory approaches and is consistent with a much greater prevalence of H ferritin in brain than in liver (16) . The significant effect of time of day on TfR levels in brain is also consistent with a dynamic model of iron metabolism in the brain.
Iron movement from brain and organ pools across the diurnal cycle has not been documented before, however it has been suggested that a dynamic equilibrium of iron between organs may exist (15) . This concept is derived from the observations that radio-labeled iron appears in the choroid plexus within one hour of intravenous injection and is distributed throughout the brain within 24 hours, indicating that iron uptake is a continuous process (8, 18) .
There are several proposed mechanisms of brain iron uptake and efflux at the blood brain barrier (27, 42, 60) and through the ventricular system (6, 40, 41) . Recent evidence supports a role for hepcidin and ferroportin in iron movement between the brain and the periphery. It has been suggested that ferroportin-mediated iron export from brain cells at the choroid plexus may be regulated by hepcidin levels in the CSF (12) . The source of the signal(s) for controlling iron uptake is unclear, though the observation that hepcidin levels are reduced in substantia nigra in RLS brains makes it an appealing candidate (12) . Further, stimulation of the immune system by intravenous injection of lipopolysaccharide is associated with increases in hepcidin protein and gene expression in brain, suggesting that hepcidin-ferroportin regulation of iron flux may also exist at the levels of the blood brain barrier (52) . Future studies will examine this potential role of hepcidin in the regulation of brain iron homeostasis.
Deficits in regional brain iron and changes in uptake and efflux of brain iron are currently being investigated as underlying causes of RLS symptoms. MRI, ultrasound imaging and autopsy studies have all indicated that RLS patients exhibit low brain iron, particularly in the substantia nigra (1, 14, 24, 56) . Further, infusion of iron dextran improves RLS symptoms and elevates substantia nigra and prefrontal cortex iron levels (22). Later studies in which a different iron complex was infused did not result in an improvement in nigral iron concentration and did not improve RLS symptoms (23). Patients with early onset, but not late onset symptoms also have reduced levels of ferritin in CSF and H-ferritin levels in substantia nigra (11, 20, 21) , supporting the argument that iron storage is altered in the CNS. A more recent study indicates that hepcidin concentrations are elevated in neuromelanin cells of the substantia nigra and in substantia nigra homogenates and reduced in CSF from early-onset RLS patients compared to control subjects (12) . The authors hypothesized that a reduction in hepcidin in CSF may be exacerbating RLS by promoting abnormal iron release at the choroid plexus through hepcidinferroportin signaling (12) .
In conclusion, the current report presents the novel observations that iron movement between storage pools varies across the diurnal cycle in inbred mice. Associated reports also note that dopamine system functioning and responses to pharmacologic manipulations of the dopamine system differ across the diurnal cycle in this strain of mouse (unpublished data Data are presented as percent of light phase control diet fed groups (mean percent ± SEM).
Significance is denoted as *p<0.05 versus respective light phase control group . Hb-hemoglobin;
Hct-hematocrit; TIBC-total iron binding capacity; TfSat-transferrin saturation. 
